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Abstract
Using a relativistic effective Lagrangian at the hadronic level, near-threshold
ω and φ meson productions in proton proton (pp) collisions, pp → ppω/φ,
are studied within the distorted wave Born approximation. Both initial and
final state pp interactions are included. In addition to total cross section
data, both ω and φ angular distribution data are used to constrain further
the model parameters. For the pp → ppω reaction we consider two different
possibilities: with and without the inclusion of nucleon resonances. The nu-
cleon resonances are included in a way to be consistent with the π−p → ωn
reaction. It is shown that the inclusion of nucleon resonances can describe
the data better overall than without their inclusion. However, the SATURNE
data in the range of excess energies Q < 31 MeV are still underestimated by
about a factor of two. As for the pp → ppφ reaction it is found that the
presently limited available data from DISTO can be reproduced by four sets
of values for the vector and tensor φNN coupling constants. Further mea-
surements of the energy dependence of the total cross section near threshold
energies should help to constrain better the φNN coupling constant.
PACS number(s): 25.40.Ve, 24.10.Jv, 24.30.-v, 13.75.Cs
I. INTRODUCTION
Heavy meson production in nucleon nucleon (NN) collisions can, in principle, provide
important information about the short-range part of the NN interaction [1]. For exam-
ple, the NN → NNω/φ reactions at their threshold energies probe distances between the
two colliding nucleons of about 0.2 fm [2]. The distance corresponds to the “overlapping
region” of the two interacting nucleons, in contrast to the distance of about 0.5 fm probed
by much lighter pion production [3]. Therefore, investigation of such heavy meson produc-
tion reactions should ultimately provide relevant information for testing QCD-based NN
interactions.
Recently, there has been considerable interest in the vector mesons ω and φ, in connec-
tion with the OZI rule [4] violation, and in the strangeness content of the nucleon wave
function [5–7]. For example, the Crystal Barrel experiments at LEAR (CERN) [8] found a
strong violation of the OZI rule in the φ/ω production rate in antiproton-proton (p¯p) annihi-
lation. Furthermore, it was also found that the φ to ω production ratio in the pp→ pp ω/φ
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reactions was enhanced by about an order of magnitude relative to the OZI prediction after
correcting for the available phase space volume [9]. These findings may be interpreted as a
considerable admixture of the ss¯ configuration in the nucleon wave function.
Another item of interest in ω meson production processes is the so-called “missing res-
onances” problem, where constituent quark models predict more states than have been
observed experimentally [10,11]. This has been attributed to the possibility that many such
missing resonances couple either weakly or not at all to the πN channel, but may cou-
ple more strongly or exclusively to the ωN channel. Indeed, some theoretical studies of ω
photoproduction were made [12,13] inspired by this possibility.
Although, so far, no baryon resonances have been observed to decay into the ωN channel,
some theoretical efforts have been made to estimate the coupling strengths of ω to the
experimentally observed resonances [14–16]. One of the motivations for such a study is the
possibility to account for the observed enhancement of the low-mass dilepton pair production
in heavy ion collisions [17]. Alternatively, the downward shift of the ρ and ω meson masses
(but a smaller shift for the φmeson mass) in the nuclear medium [18–22] is also considered as
a possible source of the observed enhancement. Indeed if the downward shift is large enough,
ω meson is expected to form meson-nucleus bound states [23–25]. In any case a better
understanding of the vector meson production mechanism in free space is a prerequisite to
study such in-medium effects, and also to study the possible couplings of the ω meson to
(missing) resonances. However, in spite of the pronounced interest in the vector mesons ρ, ω
and φ, so far there exist only a limited number of theoretical studies of the near-threshold
pp → ppω [26–30] and pp → ppφ [26,31,32] reactions. This situation also holds for the
near-threshold pn→ d ω/φ [33,34] and pd→3Heω [35] reactions.
From the experimental side, apart from the old data at high excess energies [36], only
the total cross section data from SATURNE [37] were available until recently for pp→ ppω
in the near-threshold region with excess energies below Q = 31 MeV, where the excess
energy Q is defined as, Q =
√
s−∑F mF with √s and mF being the total center-of-mass
energy and masses of the particles in the final state, respectively. There are also total cross
section and angular distribution data at excess energy Q = 319 MeV from the DISTO
Collaboration [9]. Recently the COSY-TOF Collaboration has measured the total cross
section for pp → ppω at two excess energies, Q = 92 and 173 MeV [38]. These fill in
partly the energy gap between the SATURNE and DISTO data, and are critical in studying
the energy dependence of the total cross section in the extended near-threshold region. In
addition to the total cross sections, the COSY-TOF Collaboration has also measured the
angular distribution of the ω meson produced at Q = 173 MeV. As has been pointed out
in Ref. [27], the angular distribution plays a major role in disentangling different reaction
mechanisms. These new data from the COSY-TOF Collaboration, together with earlier
data [37], offer the opportunity to investigate the pp→ ppω reaction more in detail than has
been done previously. Thus, in the present study we focus on the near-threshold pp→ ppω
reaction in free space. We study this reaction by considering two different possibilities: with
and without the inclusion of nucleon resonances [30]. The possibility of a large, off-shell
S11(1535) resonance contribution has been considered recently by the Tu¨bingen group [29].
In the present work we also consider the pp → ppφ reaction. The only data available
for this reaction near-threshold energies are the reanalyzed total cross section and angular
distribution from the DISTO Collaboration at Q = 83 MeV [9]. These data are not sufficient
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to provide stringent constraints on theoretical models. In studying the pp → ppφ reaction
we do not consider the possibility of nucleon resonances, because not enough data exist to
either draw any meaningful conclusions about their role, or to fix new parameters associated
with the resonances. (Also note that no baryon resonances have been observed decaying into
the φN channel.)
To study the pp → ppω/φ reactions, we use a relativistic effective Lagrangian at the
hadronic level, where the reaction amplitude is calculated within the distorted wave Born
approximation, including both the initial and final state pp interactions (denoted by ISI
and FSI, respectively). The ISI is implemented in the on-shell approximation [2,30,39,40],
while the FSI is generated using the Bonn NN potential model [41]. The finite width of
the ω, which is very important near threshold energies, is also included. The ωp FSI is
included only via the pole diagrams (s-channel processes). Many of the cut-off parameters
and coupling constants necessary for the present study have already been fixed from other
reactions in previous studies [2,27,31,39]. It turns out that the pp → ppω reaction is ap-
parently described better with the inclusion of nucleon resonances. However, in order to
draw a definite conclusion we need more data for exclusive observables in the energy region
above, but close to Q = 30 MeV. This is because there is no established method to remove
the multi-pion background associated with the ω-meson width from the raw data in order
to extract the cross sections. The finite ω width is very important for energies Q < 30
MeV and can possibly make the extracted data strongly dependent on the model used in
the analysis [37]. As for the pp → ppφ reaction, we definitely need more data to constrain
the model parameters.
This article is organized as follows. In Section II the general structure of the reaction
amplitude in the present approach is explained. In Section III we discuss the pp → ppω
reaction without the inclusion of nucleon resonances; in Section IV we discuss the reaction
with the inclusion of nucleon resonances. Section V treats the pp → ppφ reaction. The
results are discussed and summarized in Section VI.
II. STRUCTURE OF REACTION AMPLITUDE
In this section we describe the structure of the reaction amplitude for the NN →
NNV (V = ω, φ) reaction following Ref. [39], to make this article self-contained.
In Fig. 1 we show a decomposition of the reaction amplitude for the NN → NNV (V =
ω, φ) reactions. The reaction amplitude is calculated in the distorted wave Born approxima-
tion using a relativistic meson exchange model. We begin by considering the meson-nucleon
(MN) and NN interactions as the building blocks. Then, we consider all possible combina-
tions of these building blocks in a topologically distinct way, with two nucleons in the initial
state, and two nucleons plus a meson in the final state. Here diagrams leading to double
counting, e.g., those contributing to mass and vertex renormalizations must be excluded,
since we use the physical masses and coupling constants. The ellipsis in Fig. 1 indicates those
diagrams that are more involved, or higher orders, which are not included in this work. In
particular, we neglect the MN FSI, which otherwise would be generated by solving the
three-body Faddeev equation.
In order to make use of the available potential models of NN scattering, we perform
the calculation within a three-dimensional formulation which is obtained from the Bethe-
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Salpeter equation by maintaining the relativistic unitarity and Lorentz covariance of the
resulting amplitude. We follow the procedure of Blankenbecler and Sugar [42] as adopted
in the Bonn NN potential model [41]. The vector meson production amplitude, M , may be
written as
M = (1 + T
(−)†
f iG
(−)∗
f )(ǫ
∗ · J)(1 + iG(+)i T (+)i ) , (1)
where T(i,f) stands for the NN T -matrix in the initial(i)/final(f) state, G(i,f) is the three-
dimensional Blankenbecler-Sugar (BBS) propagator, and ǫ∗ is the polarization vector of
the vector meson produced. The superscript ± in T(i,f) and G(i,f) indicates the boundary
conditions, (−) for incoming and (+) for outgoing waves. The production current Jµ, which
is the MN T -matrix with one of the meson legs attached to a nucleon (first diagram on the
r.h.s. in Fig. 1) is defined by
Jµ =
∑
M ′
[
T(MN←M ′N)
]
1
iPM ′ [Γ
µ
M ′NN ]2 + (1↔ 2) , (2)
where T(MN←M ′N) stands for the MN T -matrix describing the transition M
′N →MN , and
ΓµM ′NN and PM ′ are respectively theM
′NN vertex and the corresponding meson propagator.
The subscripts 1 and 2 denote the two interacting nucleons 1 and 2. The summation is
over the intermediate mesons M ′. We note that if the four dimensional full two-nucleon
propagator is used, the reaction amplitude given by Eq. (1) would have an additional term
to avoid the double counting arising from the term involving iG
(+)
i T
+
i and/or iG
(+)
f T
+
f and
the current Jµ, since Jµ also contains meson-exchange NN interactions. This additional
term vanishes when we use the reduced three dimensional propagator G(i/f) which restricts
the energy of the propagating two nucleons to be on their respective mass shells.
In the near-threshold energy region, the two nucleon energy in the final state f is very
low and hence the NN FSI amplitude, T
(−)†
f in Eq. (1), can be calculated from a number
of realistic NN potential models. In the present work we use the Bonn NN potential
model [41]. This model is defined by a reduced three dimensional BBS version of the Bethe-
Salpeter equation,
T = V + ViGT , (3)
where G denotes the BBS two-nucleon propagator, consistent with those appearing in
Eq. (1). (Note that the factor −i difference in the definitions of V and T from those in
Ref. [41].)
For the NN → NNω/φ reactions the NN initial state interaction (ISI) amplitude, T (+)i
in Eq. (1), must be calculated at incident kinetic beam energies above 1.89 and 2.59 GeV,
respectively. There exists no accurate NN interaction model with which one can perform
calculations reliably at such high incident beam energies. In the present work we follow
Ref. [40], and make the on-shell approximation to evaluate the ISI contribution, which was
also applied in the study of the NN → NNη reaction [39]. This amounts to keeping only the
δ−function part of the Green function Gi in evaluating the loop integral involving iG(+)i T (+)i
in Eq. (1). The required on-shell NN ISI amplitude is calculated from Ref. [43]. As discussed
in Ref. [40], this is a reasonable approximation to the full NN ISI. In this approximation
the basic effect of the NN ISI is to reduce the magnitude of the meson production cross
section [39,44]. In fact, it is easy to see that the angle-integrated production cross section
in each partial wave state j is reduced by a factor λj [40]:
4
λj =
∣∣∣∣12 (ηj(p)ei2δj(p) + 1)
∣∣∣∣
2
= ηj(p) cos
2(δj(p)) +
1
4
[1− ηj(p)]2 ≤ 1
4
[1 + ηj(p)]
2 , (4)
where δj(p) and ηj(p) denote respectively the phase shift and corresponding inelasticity,
and p is the relative momentum of the two nucleons in the initial state. The NN ISI has
been considered fully by Batinic´ et al. [44] in the study of the pp → ppη reaction, whose
threshold corresponds to an incident energy of about 1.25 GeV. Their results support the
on-shell approximation used in the present work. Quite recently, Baru et al. [45] have also
investigated the effects of the NN ISI in the NN → NNη reaction. Although there are
obviously (off-shell) effects which are absent in the on-shell approximation, the results of
Ref. [45] also show that the bulk of the NN ISI effect is accounted for in the on-shell
approximation. In particular, we do not expect the off-shell effects of the ISI to change the
conclusion of the present work.
Next, we consider the production current Jµ defined by Eq. (2) based on meson exchange
models. Following Refs. [31,39,46], we split the MN T -matrix in Fig. 1 into the pole (T PMN)
and non-pole (TNPMN ) parts and calculate the non-pole part in the Born approximation. Then,
the MN T -matrix can be written as [47]
TMN = T
P
MN + T
NP
MN , (5)
where
T PMN =
∑
B
f †MNBigBfMNB , (6)
with fMNB and gB denoting the dressed meson-nucleon-baryon (MNB) vertex and baryon
propagator, respectively. The summation is over the relevant baryons B. The non-pole part
of the T -matrix is given by
TNPMN = V
NP
MN + V
NP
MN iGT
NP
MN , (7)
where V NPMN ≡ VMN −V PMN , with V PMN denoting the pole part of the full MN potential VMN .
V PMN is given by an equation analogous to Eq. (6) with the dressed vertices and propagators
replaced by the corresponding bare vertices and propagators. We neglect the second term of
Eq. (7) and hence the full MN T -matrix in Eq. (2) is approximated as TMN ∼= T PMN +V NPMN .
With the approximation described above, the resulting current Jµ consists of baryonic
and mesonic (Jµmec) currents. The baryonic current is further divided into the nucleonic
(Jµnuc) and nucleon resonance (J
µ
res) currents, so that the total current is written as
Jµ = Jµnuc + J
µ
res + J
µ
mec . (8)
The vector meson production currents are illustrated diagrammatically in Fig. 2, where
V stands for the ω or φ meson. Note that they are all Feynman diagrams and, as such,
they include both the positive- and negative-energy propagation of the intermediate state
particles. The nucleonic current is constructed consistently with the NN potential in Eq. (3).
For the mesonic current, it turns out that we may consider only the V ρπ (V = ω, φ)
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exchange-current contribution for both the pp → ppω/φ reactions. The nucleon resonance
current Jµres, included only in the pp→ ppω reaction, is explained in Section IV.
Here, some general remarks on the meson production currents are in order [39]. As a
consequence of using a three-dimensional reduction of Bethe-Salpeter equation, the definition
of the energy (time component) for the intermediate state particles in the production currents
becomes ambiguous. In order to be consistent with the NN interaction used in the present
work, we follow the BBS three-dimensional reduction prescription: (1) The energy of a
virtual meson at the MNN vertex is taken to be q0 = ε(p)− ε(p′), where ε(p)[ε(p′)] is the
energy of the nucleon before [after] the emission of the virtual meson, with ε(p) ≡√p2 +m2N .
(2) The energy of the intermediate state baryon B in the nucleonic and resonance currents
is taken to be p0 = ω(k)+ ε(p
′) at the B →M +N vertex, while at the N →M +B vertex
it is taken to be p0 = ε(p
′) − ω(k), where ω(k) is the energy of the meson produced in the
final state. The BBS reduction prevents three particle cuts which occur in a more exact
calculation.
III. PP → PPω WITHOUT RESONANCE
In this Section, we consider the pp → ppω reaction without the inclusion of nucleon
resonances. Then, the total ω-meson production current Jµ may be given by the sum of the
nucleonic and ωρπ meson-exchange currents, Jµ = Jµnuc + J
µ
mec, as shown in Fig. 2 (V = ω).
The nucleonic current Jµnuc is defined by
Jµnuc =
∑
j=1,2
(
Γµj iSjU + UiSjΓ
µ
j
)
, (9)
with Γµj denoting the ωNN vertex and Sj the nucleon (Feynman) propagator for the nucleon
j. The summation is over the two interacting nucleons, 1 and 2. U stands for the meson-
exchange NN potential which is, in principle, identical to the driving potential V used in
the construction of the NN interaction (Eq. (3)) , except that here meson retardation effects
are retained following the Feynman prescription.
The ω production vertex ωNN , Γµj in Eq. (9), is obtained from the Lagrangian density,
L(x) = −ψ¯N (x)
(
gωNN [γµ − κω
2mN
σµν∂
ν ]ωµ(x)
)
ψN(x) , (10)
where mN , ψN(x) and ω
µ(x) stand for the nucleon mass, nucleon and ω-meson fields, re-
spectively. gωNN denotes the vector coupling constant and κω ≡ fωNN/gωNN (gωNN 6= 0),
with fωNN the tensor coupling constant. J
µ
nuc defined by Eq. (9) is illustrated in Fig. 2a.
As in most meson-exchange models of hadronic interactions, each hadronic vertex is
accompanied by a form factor in order to account for the composite or finite-size nature
of the hadrons involved. Thus, the ωNN vertex obtained from the above Lagrangian is
multiplied by a form factor [31,39],
FωNN (p
2) =
Λ4N
Λ4N + (p
2 −m2N )2
, (11)
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where p2 is the four-momentum squared of either the incoming or outgoing off-shell nucleon.
It is normalized to unity when the nucleon is on its mass shell, p2 = m2N . Following Ref. [31],
we adopt gωNN = 9.0 in Eq. (10). The vector to tensor coupling constant ratio, κω, is not
well established; in fact the values quoted in literature are relatively small and vary in a
range, −0.16±0.01 ≤ κω ≤ +0.14±0.20 [27]. Therefore, we consider κω and ΛN , respectively
in Eqs. (10) and (11), as free parameters in the present work.
The ωρπ vertex for ω production in the meson-exchange current, Jµmec (Fig. 2b), is derived
from the Lagrangian density,
Lωρpi(x) = gωρpi√
mωmρ
εαβνµ∂
α~ρβ(x) · ∂ν~π(x)ωµ(x) , (12)
where εαβνµ is the totally antisymmetric Levi-Civita tensor with ε0123 = −1. The ωρπ vertex
obtained from the above Lagrangian is multiplied by a form factor,
Fωρpi(q
2
ρ, q
2
pi) ≡ Fρ(q2ρ)Fpi(q2pi) =
(
Λ2ρ
Λ2ρ − q2ρ
)(
Λ2pi −m2pi
Λ2pi − q2pi
)
, (13)
where Λω ≡ Λρ = Λpi is assumed [31]. It is normalized to unity at q2ρ = 0 and q2pi = m2pi,
consistent with the kinematics at which the coupling constant gωρpi is extracted.
The meson-exchange current is given by
Jµmec = [Γ
α
ρNN (qρ)]1iDαβ(qρ)Γ
βµ
ωρpi(qρ, qpi, kω)i∆(qpi)[ΓpiNN(qpi)]2 + (1↔ 2) , (14)
where Dαβ(qρ) and ∆(qpi) stand for the ρ- and π-meson (Feynman) propagators, respectively.
The vertices Γ involved are self-explanatory. The coupling constant, gωρpi = 10.0 in Eq. (12),
has been fixed from a systematic study of pseudoscalar and vector meson radiative decays
combined with the vector meson dominance assumption [31,48]. Its sign is fixed from a study
of pion photoproduction in the 1 GeV energy region [49]. The ρNN and πNN vertices in
Eq. (14) are consistent with those in the Bonn-B NN potential [41], except that here we
use the pseudovector-coupling, which is consistent with the chiral constraints in the lowest
order [50], instead of the pseudoscalar-coupling for the πNN vertex. In addition, the cut-
off parameter, ΛpiNN = 1300 MeV, is adopted at the πNN vertex. (One could use the
pseudoscalar-coupling, or even the admixture of the pseudoscalar- and the pseudovector-
couplings [51]. Note that these two couplings entail different orders in chiral counting [50].
A test calculation by the use of the pseudoscalar-coupling with the same model parameters,
turned out to give an enhancement of the total cross section by about a factor of ten near
the threshold, and the enhancement became far larger as the excess energy Q increases.)
We are, then, left with the cut-off parameter Λρ = Λpi in Eq. (13) which will be treated as
a free parameter in the present work.
Next, we explain how the model parameters κω,ΛN , and Λρ = Λpi are determined in the
present approach. In Ref. [27] it was pointed out that the angular distribution of the emitted
ω mesons is a sensitive quantity for determining the absolute amount of nucleonic as well as
mesonic current contributions in addition to the relative sign of the two amplitudes. This was
also demonstrated in Refs. [30,52]. (The value quoted in Ref. [52] should read gωNN = +9.0.)
Furthermore, the shape of the ω angular distribution is particularly sensitive to the value of
κω, the tensor to vector coupling ratio [30,52]. Thus, we can make use of both the ω angular
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distribution and total cross section data from COSY-TOF [38] at Q = 173 MeV to fix these
three parameters. We obtain a reasonable fit to the data with the values, Λρ = Λpi = 1000
MeV, ΛN = 1190 MeV and κω ≃ −2.0. Table I summarizes all the parameter values within
the approach in this Section. Here, it should be mentioned that, at Q = 173 MeV, the energy
involved in the final pp subsystem extends beyond the pion threshold. The NN FSI used in
the present work has been developed to fit the phase-shifts only up to the pion production
threshold. Therefore, strictly, we are beyond the applicability of this interaction. However,
the final pp energy involved is not large enough to introduce any significant deviation.
The κω dependence of the ω angular distribution is illustrated in Fig. 3. Here, since the
mesonic current contribution gives a flat angular distribution, and because we are interested
in the κω dependence of the shape, we have kept the mesonic current contribution unchanged
(Λρ = Λpi = 1000 MeV) and varied both κω and ΛN . The latter parameter has to be
varied in order to keep the total cross section fixed. The results show indeed the shape is
sensitive to the value of κω. Note in particular that values of κω > −1 are clearly unable to
reproduce the data. We note here that the value of the tensor coupling, fωNN = 0, in the
Bonn NN potential used in the FSI in the present work, is quite different from the value
of fωNN = κωgωNN ≃ −2.0 × 9 = −18 used to reproduce the angular distribution data.
However, the exchanged ω meson in the Bonn NN potential model is associated with the
virtual ω meson and represents the isoscalar-vector quantum numbers exchanged, and is not
necessarily related to the physical ω meson.
Next, in order to see how the shape of the ω angular distribution is sensitive to the value
of gωNN , we keep the value, κω = −2.0 fixed, which reproduces the ω angular distribution
very well, and calculate the ω angular distribution for different values of gωNN . Here again
the mesonic current contribution has been kept fixed. We show in Fig. 4 (the right panel)
the result obtained using the value, (gωNN)
2/4π = (17.37)2/4π = 24, approximately the
value used in the Bonn NN potential, together with one of the reasonable fits (the left
panel) obtained with gωNN = 9.0. Recall that the total cross section is normalized in
both calculations. The result obtained with (gωNN)
2/4π = 24 also gives a good fit to the
data, where the change in the coupling constant gωNN , 9.0 → 17.37, is compensated by
the change in the cut-off parameter ΛN , 1190 → 1020 MeV. This implies that, for a given
mesonic current contribution, the shape of the ω angular distribution is not sensitive to the
value of gωNN , but is sensitive to the value of κω. This implies that the different momentum
dependence introduced via the tensor coupling to the nucleonic current plays an important
role to the shape of the ω angular distribution.
With all the parameters fixed, we next study the energy dependence of the total cross
section. In Fig. 5 we show the predicted energy dependence of the total cross section
with various effects: (1) effects of the finite ω width denoted by “width”, (2) the initial
and final state pp interactions denoted by “ISI” and “FSI”, respectively, and (3) using a
constant matrix element denoted by “Phase space”, where “(ǫ∗ · J) = constant” is used in
Eq. (1). The results with “ISI+FSI+width” in Fig. 5 (the bottom-right panel) include all
the effects considered in the present section, and should be compared with the data. Recall
that the present parameters are adjusted so as to reproduce both the total cross section
of 30.8µb and the ω angular distribution at Q = 173 MeV. In Fig. 5, we also show the
result of Ref. [37] denoted by “Hibou et al.” used in the analysis of the SATURNE data.
Obviously, the present result underestimates the SATURNE data [37] to a large extent in
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the range of excess energies, Q < 31 MeV. The reason for this discrepancy can be attributed
to an overestimate of the mesonic current contribution as fixed at Q = 173 MeV. This
results in a substantial reduction of the cross section close to threshold, due to a much
stronger destructive interference between the nucleonic and mesonic current contributions
as the excess energy decreases. In fact, the large overestimation of the mesonic current can
be verified from the π−p → ωn reaction. With all the parameters fixed to reproduce the
pp→ ppω atQ = 173 MeV, we have looked at the model prediction of the energy dependence
of the π−p → ωn total cross section. It turns out that the model largely overestimates the
data from Ref. [53] as the center-of-mass energy W increases due to the rapidly increasing
ωρπ exchange current contribution. We were unable to reproduce both the pp→ ppω data
at Q = 173 MeV and the energy dependence of the π−p→ ωn total cross section within our
approach which considers only the nucleonic and mesonic currents.
In an attempt to improve the agreement in the present approach, we have investigated
the effect of different form factors for the vector and tensor couplings at the ω production
vertex in the nucleonic current. Different momentum dependences of the vector (F1) and the
tensor (F2) strong form factors at the ωNN meson production vertex are quite possible. In
particular, recent experimental results from the Jefferson Lab [54] for the ratio of the proton
electric and magnetic form factors, µpGEp(Q
2)/GMp(Q
2) (µp: proton magnetic moment),
show a linear decrease as the four-momentum transfer squared (Q2) increases, namely, the
vector (F1) to the tensor (F2) electromagnetic ratio is, F2(Q
2)/F1(Q
2) ∼ 1/Q [55], which
shows that F1 and F2 have different momentum dependences. (The perturbative QCD
predicts F2(Q
2)/F1(Q
2) ∼ 1/Q2 [56].) Using different cut-off values for the vector and
tensor form factors, respectively, ΛNv = 1300 MeV and ΛNt = 1600 MeV, and using the
same functional form of Eq. (11), we have recalculated the energy dependence of the total
cross section. Note that these parameters together with other parameters, Λρ = Λpi = 1450
MeV and κω = −0.5, can reproduce the ω angular distribution data at Q = 173 MeV
reasonably well. However, the predicted cross section is enhanced by only 10 ∼ 20 % at near
threshold energies, and still underestimates substantially all the SATURNE data points [37].
We have also considered a possible contribution of the ωσσ mesonic current by assigning a
reasonable range of values for the coupling constants and cut-off parameters associated with
this current. But this also gives only a small contribution. Thus, within the approach of
considering only the contributions from the nucleonic and mesonic currents, it seems unlikely
to be able to reproduce the measured energy dependence of the total cross section in the
range of excess energies Q ≤ 173 MeV. Of course, we could fix the model parameters by
fitting the total cross section at a lower excess energy point. However, the model would then
overestimate the total cross sections near Q = 173 MeV substantially, and also it would be
difficult to reproduce the ω angular distribution at Q = 173 MeV.
Apart from the difficulties mentioned above, we also note that the rather large (negative)
value of κω = −2.0 required to reproduce the ω angular distribution, is not easily reconciled
with other nuclear processes. For example, such a large value of κω leads to a rather strong
NN (isoscalar) tensor force. This will affect the NN tensor force, given primarily by the
π and ρ meson exchange, in such a way that it becomes extremely difficult to describe
NN scattering and deuteron properties. In fact, a rough calculation [57] shows that it is
nearly impossible to describe the NN phase-shift data with such a strong tensor coupling
(fωNN = κωgωNN ≃ −18).
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Thus, although there is currently no definite experimental evidence for the ω meson to
couple to any nucleon resonance, it would be natural to expect that some resonance currents
give contributions, since high nucleon incident energies are involved in the near-threshold
ω production in pp collisions. The reduction of the mesonic current at high excess energies
may then be compensated by the nucleon resonance current contributions. We study such
a possibility in Section IV.
IV. PP → PPω WITH RESONANCE
In order to limit the number of resonances considered and thereby avoid the introduction
of an excessive number of new parameters, we restricted the resonances to those: (1) that
appreciably decay to the N+γ channel so that the vector meson dominance (VMD) assump-
tion may be used to produce ω, (2) whose mass distributions confined around (mN+mω) and
therefore contribute maximally at near threshold energies, (3) that can describe consistently
the π−p→ ωn reaction. In addition, to see if a dominant S11(1535) resonance contribution
as reported in Ref. [29] is possible, and since many parameters associated with S11(1535) are
under better control than those for other higher resonances, we also include this resonance
in the present study. As a result, we consider contributions from the following four nucleon
resonances, S(1535)(1
2
−
) ∗ ∗ ∗ ∗, P (1710)(1
2
+
) ∗ ∗∗, D(1700)(3
2
−
) ∗ ∗∗ and P (1720)(3
2
+
) ∗ ∗ ∗ ∗,
where we list the spin, parity and status of the corresponding resonances explicitly [58]. The
construction of the resonance current, and the associated details are given in Ref. [39].
The resonance current Jµres contribution to the pp→ ppω reaction arises from the spin-1/2
(Jµ1/2res) and spin-3/2 (J
µ
3/2res) resonance currents in the present approach:
Jµres = J
µ
1/2res + J
µ
3/2res . (15)
The spin-1/2 resonance current, in analogy to the nucleonic current, is defined by
Jµ1/2res =
∑
j=1,2
∑
N∗
(
ΓµωjN∗iSN∗UN∗ + U˜N∗iSN∗Γ
µ
ωjN∗
)
. (16)
Here ΓµωjN∗ stands for the ωNN
∗ vertex involving the nucleon j. SN∗(p) = ( 6p+mN∗)/(p2−
m2N∗ + imN∗ΓN∗) is the N
∗ resonance propagator, with mN∗ and ΓN∗ denoting the mass and
width of the resonance, respectively. The summation is over the two interacting nucleons,
j = 1 and 2, and also over the spin-1/2 resonances, N∗ = S11(1535) and P11(1710). In
Eq. (16) UN∗ (U˜N∗) stands for the NN → NN∗ (NN∗ → NN) meson-exchange transition
potential, and is given by
UN∗ =
∑
M=pi,η forS11(1535)
M=pi,η,σ forP11(1710)
ΓMNN∗(q)i∆M (q
2)ΓMNN(q) +
∑
M=ρ,ω
ΓµMNN∗(q)iDµν(M)(q)Γ
ν
MNN(q), (17)
where ∆M(q
2) and Dµν(M)(q) are the (Feynman) propagators of the exchanged pseudoscalar
(scalar) and vector mesons, respectively. ΓMNN(q) and Γ
µ
MNN (q) denote the pseudoscalar
(scalar) and vector MNN vertex, respectively. These vertices are taken consistently with
the NN potential V appearing in Eq. (3), except for the type of coupling at the πNN vertex
and the ωNN coupling constant. (Recall that we use the pseudovector-coupling instead of
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the pseudoscalar-coupling at the πNN vertex.) The exception also applies to the spin-
3/2 resonance current, Jµ3/2res. An analogous expression to Eq. (17) also holds for U˜N∗ . In
Eq. (17) we have an extra, σ-meson exchange in the NP11(1710)↔ NN transition potential,
since the P11(1710) → Nππ decay branch is relatively large [58]. Thus, we simulate these
two pions conveniently by a σ-meson.
Following Refs. [14,39,59,60], the transition vertices ΓMNN∗ and Γ
µ
MNN∗ in Eqs. (16)
and (17) for spin-1/2 resonances are obtained from the interaction Lagrangian densities,
L(±)ηNN∗(x) = ∓gηNN∗ψ¯N∗(x)
{[
iλΓ(±) +
(
1− λ
mN∗ ±mN
)
Γ(±)µ ∂
µ
]
η(x)
}
ψN (x) + h.c. , (18a)
L(±)piNN∗(x) = ∓gpiNN∗ψ¯N∗(x)
{[
iλΓ(±) +
(
1− λ
mN∗ ±mN
)
Γ(±)µ ∂
µ
]
~τ · ~π(x)
}
ψN (x) + h.c. , (18b)
LσNP11(x) = gσNP11ψ¯P11(x)σψN (x) + h.c. , (18c)
L(±)ωNN∗(x) =
(
gωNN∗
mN∗ +mN
)
ψ¯N∗(x)
{[
Γ
(∓)
µ ∂2
mN∗ +mN
+ Γ(∓) (−i∂µ + κωσµν∂ν)
]
ωµ(x)
}
ψN(x)
+ h.c. , (18d)
L(±)ρNN∗(x) =
(
gρNN∗
mN∗ +mN
)
ψ¯N∗(x)
{[
Γ
(∓)
µ ∂2
mN∗ +mN
+ Γ(∓) (−i∂µ + κρσµν∂ν)
]
~τ · ~ρµ(x)
}
ψN(x)
+ h.c. , (18e)
where ~π(x), ωµ(x), ~ρµ(x) and ψN∗(x) denote the π, ω, ρ and spin-1/2 nucleon resonance
fields, respectively. The upper and lower signs refer to the even(+) and odd(-) parity reso-
nances, respectively. The operators Γ(±) and Γ
(±)
µ in Eqs. (18a) - (18e) are defined by(
Γ(+),Γ(−),Γ(+)µ ,Γ
(−)
µ
)
= (γ5, 1, γ5γµ, γµ) . (19)
The parameter λ in Eqs. (18a) and (18b) controls the admixture of the two types of couplings:
pseudoscalar (ps-coupling: λ = 1) and pseudovector (pv-coupling: λ = 0) for an even parity
resonance and, scalar (λ = 1) and vector (λ = 0) for an odd parity resonance, where both
choices of the parameter λ give equivalent results when baryons are on their mass shells.
In this work we take λ = 0. Note that in principle we should not allow only the pure
Γ
(∓)
µ coupling in Eqs. (18d) and (18e), because unlike the V NN vertex (V =vector meson),
this coupling alone at the V NN∗ vertex prevents us from estimating its strength using the
VMD, since it violates gauge invariance. In the present work, we use a more general gauge
invariant Lagrangian density as used in Ref. [60] based on Ref. [14].
Similar to the case of spin-1/2 resonances, the spin-3/2 resonance current is defined by
Jµ3/2res =
∑
j=1,2
∑
N∗
(
ΓµαωjN∗iSαβ(N∗)U
β
N∗ + U˜
α
N∗iSαβ(N∗)Γ
βµ
ωjN∗
)
. (20)
Here ΓβµωjN∗ stands for the ωNN
∗ vertex function involving the nucleon j. Sαβ(N∗)(p) =
( 6p+mN∗) {−gαβ + γαγβ/3 + (γαpβ − pαγβ)/3mN∗ + 2pαpβ/3m2N∗} /(p2 −m2N∗ + imN∗ΓN∗)
is the spin-3/2 Rarita-Schwinger propagator. The summation is over the two interacting
nucleons, j = 1 and 2, and also over the spin-3/2 resonances, N∗ = D13(1700) and P13(1720).
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In Eq. (20) UαN∗ (U˜
α
N∗) stands for the NN → NN∗ (NN∗ → NN) meson-exchange transition
potential, and is given by
UαN∗ =
∑
M=pi,η
ΓαMNN∗(q)i∆M(q
2)ΓMNN(q) +
∑
M=ρ,ω
ΓαλMNN∗(q)iDλν(M)(q)Γ
ν
MNN(q) , (21)
where ΓαMNN∗(q) and Γ
αλ
MNN∗(q) denote the pseudoscalar and vector MNN
∗ vertices, respec-
tively. An analogous expression to Eq. (21) also holds for U˜αN∗ .
The MNN∗ vertices involving spin-3/2 nucleon resonances in Eqs. (20) and (21) are
obtained from the Lagrangian densities [39,59],
L(±)ηNN∗(x) =
(
gηNN∗
mη
)
ψ¯µN∗(x)Θµν(z)Γ
(∓)ψN (x)∂
νη(x) + h.c. , (22a)
L(±)piNN∗(x) =
(
gpiNN∗
mpi
)
ψ¯µN∗(x)Θµν(z)Γ
(∓)~τψN (x) · ∂ν~π(x) + h.c. , (22b)
L(±)ωNN∗(x) = ∓i
(
g
(1)
ωNN∗
2mN
)
ψ¯µN∗(x)Θµν(z)Γ
(±)
λ ψN (x)ω
λν(x)
−
(
g
(2)
ωNN∗
4m2N
)(
∂λψ¯
µ
N∗(x)Θµν(z)Γ
(±)ψN(x)
)
ωλν(x) + h.c. , (22c)
L(±)ρNN∗(x) = ∓i
(
g
(1)
ρNN∗
2mN
)
ψ¯µN∗(x)Θµν(z)Γ
(±)
λ ~τψN(x) · ~ρλν(x)
−
(
g
(2)
ρNN∗
4m2N
)(
∂λψ¯
µ
N∗(x)Θµν(z)Γ
(±)~τψN (x)
) · ~ρλν(x) + h.c. , (22d)
where Θµν(z) ≡ gµν − (z + 1/2)γµγν , and ωλν(x) ≡ ∂λων(x) − ∂νωλ(x) and ~ρλν(x) ≡
∂λ~ρ ν(x)− ∂ν~ρλ(x). In order to reduce the number of parameters, we take z = −1/2 in the
present work.
Following Ref. [39], the relevant coupling constants associated with the resonance cur-
rents are calculated utilizing the Particle data [58] whenever available; they are determined
from the centroid values of the extracted partial decay widths (and masses) of the resonances.
Those couplings involving vector mesons, are estimated from the corresponding measured
radiative decay width in conjunction with the VMD, although uncertainties in the data are
large. In order to reduce the number of free parameters, the ratio of the V NN∗ (V = ρ, ω)
coupling constants for the spin-3/2 resonances, D13(1700) and P13(1720), have been fixed
to be g
(1)
V NN∗/g
(2)
V NN∗ = −2.1, the same ratio as that for g(1)γNP33(1232)/g
(2)
γNP33(1232)
= −2.1,
extracted from the ratio of E2/M1 ∼= −2.5% determined from pion photoproduction mea-
surements [61].
Following Refs. [39,46], and in complete analogy to the nucleonic current, we introduce
the off-shell form factors at each vertex involved in resonance currents. We adopt the same
form factor as given by Eq. (11), with mN replaced by mN∗ at the MNN
∗ vertex, in order
to account for the N∗ resonance being off-shell. The MNN∗ vertex, where the exchanged
meson is also off-shell, is multiplied by an extra form factor FM(q
2) in order to account for
the meson being off-shell (see Eqs. (17) and (21)). The corresponding full form factor is,
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therefore, given by the product FN (p
2)FM(q
2), where M stands for the exchanged meson
between the two interacting nucleons. The form factor FM(q
2) is taken consistently with the
NN potential V in Eq. (3); the only two differences are the normalization point of Fρ,ω(q2)
and the cutoff parameter value of Fpi(q
2). Here, the form factor for vector mesons Fρ,ω(q
2)
is normalized to unity at q2 = 0 in accordance with the kinematics at which the coupling
constant gρ,ωNN∗ was extracted, i.e., Fρ,ω(q
2) = (Λ2ρ,ω/(Λ
2
ρ,ω− q2))2. For the pion form factor
Fpi(q
2) we use the cutoff value Λpi = 900 MeV. To be consistent in this section, this value
(rather than Λpi = 1300 MeV) is also used in the form factor at the πNN vertex appearing
in the mesonic current constructed.
Since we now include the resonance current, the free parameters in the nucleonic and
mesonic currents in the previous Section have to be readjusted. In addition, we will consider
the σNN∗ coupling for N∗ = P11(1710) as a free parameter in the present work. In order
to fix these free parameters in this Section, we use the π−p → ωn total cross section data
from Ref. [53] (see Ref. [15] for a discussion about the data), in addition to the pp → ppω
total cross section and angular distribution data from the COSY-TOF Collaboration [38].
We note that at the excess energy of Q = 173 MeV for the pp→ ppω reaction, the center-of-
mass energyW of the subsystem π−p→ ωn appearing as a building block in the description
of the pp → ppω reaction, will reach a maximum value of W ≃ 1.9 GeV. Thus, we fix the
parameters so as to reproduce the measured energy dependence of the π−p→ ωn total cross
section data up to W ≃ 1.9 GeV.
We show in Fig. 6 the calculated energy dependence of the total cross section obtained
with a selected parameter set. At lower energies W , D13(1700) and P13(1720) contributions
are dominant, but neither S11(1535) nor P11(1710) give appreciable contributions for the
π−p → ωn total cross section. Furthermore, many trial calculations show that, without
including the resonances it is very difficult to reproduce the near-threshold behavior of
the π−p → ωn total cross section up to energies W ≃ 1.9 GeV using a reasonable set
of parameters. However, with the inclusion of the resonances, we need a softer (stronger)
form factor for the ωρπ vertex to fit the overall energy dependence exhibited by the data.
In particular, the part of the form factor which accounts for the off-shell behavior of the
exchanged ρ meson requires a dipole form,
Fωρpi(q
2
ρ, q
2
pi) ≡ Fρ(q2ρ)Fpi(q2pi) =
(
Λ2ρ
Λ2ρ − q2ρ
)nρ (
Λ2pi −m2pi
Λ2pi − q2pi
)
, (23)
with nρ = 2,Λρ = 850 MeV and Λpi = 1450 MeV. A cutoff parameter value of ΛN = 1100
MeV has been also determined at the ωNN meson production vertex. A different form
factor, exp(βq2ρ) exp(−αW 2), was introduced at the ωρπ vertex in Ref. [62] to overcome the
difficulties in reproducing the data using the monopole form factor Fρ(q
2
ρ) in Eq. (23).
Next, using the ω angular distribution data from COSY-TOF [38], we further fix pa-
rameters associated with the P11(1710) resonance, namely, the coupling constant gσNP11
associated with the σ exchange introduced effectively to simulate the observed decay chan-
nel, P11(1710)→ N+2π. The value for the coupling constant gσNP11 is adjusted to reproduce
the pp → ppω total cross section of 30.8µb at Q = 173 MeV. Thus, in this procedure, the
value obtained for gσNP11 is not strictly related to the branching ratio for the N+2π channel;
instead, the contribution from P11(1710) should be regarded as also taking into account the
other possible resonance contributions not included explicitly in our model.
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We show in Fig. 7 the ω angular distribution calculated by fitting the coupling constant
gσNP11 to the total cross section of 30.8µb, together with a more reasonable value of κω =
−0.5. Recall that with the value of κω ≃ −2.0 obtained in Section III, it would be very
difficult to describe the NN scattering data consistently [57]. Two values for gσNP11 are
found to be able to reproduce the total cross section of 30.8µb at Q = 173 MeV. The results
for the ω angular distribution are shown in Fig. 7, for those obtained with gσNP11 = −4.3
(the upper panel) and gσNP11 = +4.8 (the lower panel). Although the value, gσNP11 = +4.8
reproduces the ω angular distribution data from COSY-TOF [38] better, the result for the
energy dependence of the total cross section is worse than that with gσNP11 = −4.3. Thus,
we will show only the results obtained with gσNP11 = −4.3. We summarize in Table II all the
parameters fixed in the present approach, i.e., with the inclusion of the nucleon resonances.
Next, in Fig. 8 we show the energy dependence of the pp → ppω total cross section
calculated using the fixed parameters in Table II. The result is greatly improved compared
to that without the inclusion of any nucleon resonances studied in Section III. (See Fig. 5.)
However, it still underestimates the SATURNE data [37], which are in the range of excess
energies Q < 31 MeV, by about a factor of two. Thus, further investigation is needed to
understand better the near-threshold pp → ppω reaction. As already mentioned, we also
need more data for exclusive observables in the energy region above but close to Q = 30 MeV,
because there is no established method for removing the multi-pion background associated
with the ω-meson width from the raw data to extract the cross sections. The effect of the
width is very important in the energy region, Q < 30 MeV, and the extraction of the cross
section can become highly model dependent.
In order to explore the sensitivity of more exclusive observables than cross sections to the
nucleon resonances in the pp → ppω reaction, we have also calculated the spin correlation
functions and analyzing power at Q = 92 and 173 MeV, with and without the inclusion
of the nucleon resonance currents. Here, we just mention that although some of the spin
correlation functions exhibit some sensitivity to the presence of nucleon resonances, judging
from the currently achieved precisions for the pp → ppω data, such a presence may not
be sensitive enough to be distinguished experimentally. A more thorough and complete
study of the role of nucleon resonances in the production of ω mesons in NN collisions,
especially in a combined analysis of the pp→ ppω and pn→ dω reactions, will be reported
elsewhere [63]. Such an analysis will consider, not only the spin observables, but also the
invariant mass distributions. The pn → dω process, for which the total cross section data
have been reported quite recently [64], will provide additional constraints on the model
parameters.
Considering the results shown in Fig. 8, one possibility for improving the agreement with
the data would be to introduce extra resonances, which enhance the total cross section at near
threshold energies but only moderately enhance at excess energies around Q = 173 MeV,
if such adequate candidates exist. On the other hand, the introduction of new resonances
would introduce more ambiguities. The other effect to be investigated is the ωN FSI, which
is expected to enhance the total cross sections at near threshold energies, because a QCD
sum rule study of the meson-nucleon spin-isospin averaged scattering lengths for the vector
mesons ρ, ω and φ, suggests attractive V N (V = ρ, ω, φ) interactions [21].
Next, in Fig. 9 we show a decomposition of each resonance contribution to the energy
dependence of the pp → ppω total cross section. Close to threshold energies the dominant
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contribution comes from D13(1700), while at higher excess energies, the dominant contri-
bution comes from P11(1710), although the contribution of this resonance was negligible in
the π−p → ωn reaction. Here, again the S11(1535) resonance contribution is very small in
our model. We should mention that we also studied the contribution from the S11(1650)
resonance in the present approach, but it did not give an appreciable contribution. Thus,
if we want to be consistent with both the π−p → ωn and pp → ppω reactions, it appears
necessary to include at least three nucleon resonances, P11(1710), D13(1700) and P13(1720),
in the present approach.
Finally, before leaving this section, we should mention that the treatment of the π−p→
ωn reaction should be improved in our model. In particular, as shown by Penner and
Mosel [15], effects of higher-order terms than the Born term in the t-matrix equation is
important and, consequently, they should be taken into account in a better way than through
a form factor as has been done in the present work.
V. PP → PPφ WITHOUT RESONANCE
The pp → ppφ reaction can be treated in an analogous way to the pp → ppω reaction
in Section III, namely, considering only the nucleonic (Jµnuc) and mesonic (J
µ
mec) current
contributions. However, the scarcity of data, especially in the near-threshold region, makes
this study more difficult. In fact there is only one total cross section and one angular
distribution available near-threshold at an excess energy of Q = 83 MeV measured by the
DISTO Collaboration [9]. A theoretical study of the pp → ppφ reaction in Ref. [31] was
made within a similar approach to that of the present study, in the sense that it used a
relativistic meson-exchange model, considering contributions from the nucleonic and φρπ
exchange currents as the dominant contributions. The present study differs from that of
Ref [31] in that: (1) the φ angular distribution data from DISTO [9] used in this study
were reanalyzed [9] and absolute normalization of the corresponding total cross section was
established, and (2) the pp ISI is included explicitly.
The relative importance among the possible meson exchange current contributions was
estimated based on an SU(3) effective Lagrangian, together with various effects described
in Ref. [31]. Furthermore, the test calculations performed in Ref. [31] showed that the φρπ-
exchange current was by far the dominant mesonic current. The combined contribution of all
other meson-exchange currents to the total cross section is about two orders of magnitude
smaller than this. Moreover, possible contributions from meson-exchange currents involving
heavy mesons, in particular, the φφf1- and φωf1-exchange currents were also examined using
the larger values of the coupling constants calculated from the observed decay of f1 → φ+γ.
However, this contribution, as well as the φφσ- and φωσ-exchange currents, also turned out
to be negligible [31]. Finally, as in the case of ω production, there are neither experimental
indications of any of the known isospin-1/2 N∗ resonances decaying into the Nφ channel,
nor do there exist enough data for the near-threshold pp→ ppφ reaction to fix the relevant
parameters and judge their validities. Thus, we study the pp → ppφ reaction considering
the contributions only from the nucleonic and φρπ mesonic currents.
The coupling constant, gφρpi, associated with the mesonic current J
µ
mec, can be extracted
from the measured branching ratio. Specifically, the coupling constant gφρpi = −1.64 is
determined directly from the measured decay width of φ → ρ + π [58], where the sign is
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inferred from SU(3) symmetry [31]. We note that the coupling constant gφρpi = −1.64 is
extracted at different kinematics compared to that of the ω: gφρpi is determined at q
2
ρ = m
2
ρ
and q2pi = m
2
pi, whereas gωρpi is extracted at q
2
ρ = 0 and q
2
pi = m
2
pi. Then, the corresponding
form factor (cf. Eq. (13)) is defined by
Fφρpi(q
2
ρ, q
2
pi) ≡ Fρ(q2ρ)Fpi(q2pi) =
(
Λ2ρ −m2ρ
Λ2ρ − q2ρ
)(
Λ2pi −m2pi
Λ2pi − q2pi
)
. (24)
In Eq. (24) we again assume the cut-off parameter Λφ ≡ Λρ = Λpi corresponds to those in
Eq. (13).
Although we do not have to use the same parameters for the φ production as those used
in the pp→ ppω reaction, we use the same value ΛN = 1190 MeV for the cut-off parameter
in the φNN meson production vertex, because the φρπ exchange current gives the dominant
contribution to the total cross section, and reproducing the absolute normalization of the
total cross section is relatively insensitive to the cut-off parameter ΛN in the nucleonic
current compared to the cut-off parameters in the φρπ vertex form factors. Therefore, we
have three free parameters to be adjusted to reproduce the φ meson production total cross
section and angular distribution data [9], namely, gφNN and κφ in the nucleonic current,
after replacing ω → φ in Eq. (10), and Λφ ≡ Λρ = Λpi in the form factor of Eq. (24) in the
φρπ mesonic current, after replacing ω → φ in Eqs. (12) and (14).
In Figs. 10 and 11 we show the κφ dependence of the calculated φ angular distributions,
for gφNN = −0.4 and gφNN = −1.6, respectively. Results in Fig. 10 imply that as long
as the value of gφNN is small, the angular distribution data can be reproduced well within
experimental error bars, irrespective of the values of κφ up to κφ ≃ −4.0. On the other
hand, results in Fig. 11 show that the larger value, gφNN = −1.6 makes the shape of the
calculated φ angular distribution sensitive to κφ. One can notice that for a certain value of
κφ, the shape of the calculated φ angular distribution changes from convex to concave. After
some test calculations, we find the optimum value for this transition is roughly κφ ≃ −2.0.
Thus, around κφ ≃ −2.0 we can expect that there are a large number of possibilities for
the values of gφNN and Λφ which can reproduce the experimentally observed flat φ angular
distribution [9].
Next, we fix the value κφ = −2.0 (and ΛN = 1190 MeV), and study the gφNN dependence
of the φ angular distribution. Some of the calculated results are shown in Fig. 12. Note that,
the top-right panel in Fig. 12 has a contribution solely from the mesonic current (gφNN = 0),
which, neglecting the φ − ω mixing and the OZI-allowed two step processes [31], may be
regarded as the limiting case of no ss¯ component in the nucleon wave function, if the value
of gφNN is considered as a measure for the ss¯ component. Since we have not included quark
degrees of freedom explicitly, it is difficult to draw a definite conclusion on the ss¯ component
in the nucleon wave function. We summarize in Table III the four possible parameter sets
for gφNN , κφ and Λφ fixed by fitting the DISTO φ angular distribution data [9]. They all
reproduce the experimental data [9] reasonably well. This suggests that one needs to study
additional observables, e.g., the energy dependence of the pp → ppφ total cross section, in
order to constrain better the parameters of the model.
Here, it may be interesting to compare the values of gφNN and κφ obtained in the present
work with those extracted in Ref. [65] by studying the off-shell time-like nucleon form factors
using the p(γ, e+e−)p reaction. They obtained (gφNN , κφ) ≃ (1.3, 7.2). (Note that their
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definition of κφ is different from that of the present study by a factor 4mN/mφ (mN,φ:
masses of the nucleon and φ meson); for comparison, this factor is included in the value of
κφ here.)
Next, using the four parameter sets given in Table III, we study the energy depen-
dence of the pp → ppφ total cross section. We show the calculated results in Fig. 13.
The results exhibit very similar energy dependences for the parameter sets (gφNN , κφ) =
(0.0, 0.0), (−0.4,−0.5) and (−0.4,−4.0), while that for (−2.0,−2.0) shows a different de-
pendence especially at excess energies in the region Q < 50 MeV. Thus, measuring the
energy dependence of the total cross section for Q < 50 MeV will help constrain better the
model parameters, in particular, the magnitude of the coupling constant gφNN .
VI. SUMMARY AND DISCUSSION
We have studied the pp→ ppω/φ reactions using a relativistic effective Lagrangian at the
hadronic level, including both the initial and final state pp interactions. For both reactions
we have made use of the recently measured ω and φ angular distributions in addition to the
total cross section data to fix the model parameters.
We have studied the pp → ppω reaction considering two possibilities, i.e., the ω meson
is produced by: (1) the nucleonic and mesonic current contributions, and (2) the nucleonic,
mesonic and nucleon resonance current contributions. The results show that the energy
dependence of the total cross section in the range of excess energies Q ≤ 173 MeV, is
apparently described better by the inclusion of nucleon resonances, which is implemented
in a way to be consistent with the π−p → ωn reaction. However, the calculation still
underestimates the SATURNE data by about a factor of two, where the data points are in
the range of excess energies Q < 31 MeV. This remains still a problem in understanding the
reaction mechanism. In this connection, we need more data for exclusive observables in the
energy region above, but close to Q = 30 MeV because there is no established method for
removing the multi-pion background associated with the ω-meson width from the raw data.
This removal is necessary for extracting the cross sections in the energy region, Q < 30
MeV, where the effect of the width is very important, and the extraction can be highly
model dependent.
In connection with studying resonance contributions to the pp→ ppω reaction, we plan
to investigate the pω invariant mass distributions for this reaction [63]. A measurement
of the invariant mass distributions for this reaction, should give significant information as
to whether contributions from resonances are appreciable or not. Such theoretical studies
have been made for the pp → ppη [60], and pp → pΛK+ [66] reactions. Thus, the study
of the invariant mass distributions may be an alternative method for studying the possible
ω-meson (and φ-meson) resonance couplings both theoretically and experimentally.
In addition to the pp→ ppω reaction, we have studied the pp→ ppφ reaction considering
the contributions solely from the nucleonic and mesonic current contributions. Because of the
scarcity of data for this reaction in the near threshold energy region, we have obtained four
parameter sets which can reproduce the φ angular distribution data from DISTO [9] equally
well. Predictions for the energy dependence of the pp → ppφ total cross section indicate
that a measurement of the cross section close to threshold should be able to constrain better
the coupling constant gφNN (≃ 0 or ≃ −2).
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Finally, although there exists an enormous interest in vector meson properties in highly
complicated many-nucleon environments, e.g., dilepton production in heavy ion collisions
and meson (ω) nuclear bound states, the data for the NN → NNV reaction (V : vector me-
son) are currently inadequate for understanding the production mechanism of these mesons
in free space. Thus, more measurements of vector meson production in free space, and espe-
cially in NN collisions, may be a first step towards understanding the properties of vector
mesons in such complicated nuclear environments.
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TABLES
TABLE I. Model parameters fixed for the pp→ ppω reaction without the inclusion of nucleon
resonances. Below, “Bonn” indicates that the same value in the Bonn NN potential B (Table
A.1) [41] is used.
Vertex Coupling constant Cut-off (MeV)
Nucleonic current: [fωNN = κωgωNN ]
ωNN [ω production] gωNN = 9.0 ΛN = 1190 [See Eq. (11).]
[κω = −2.0]
MNN [M = π, η, ρ, ω, σ, a0(= δ)] Bonn Bonn
Mesonic current:
ωρπ [ω production] gωρpi = 10.0 Λω ≡ Λρ = Λpi = 1000 [See Eq. (13).]
ρNN Bonn Bonn
πNN [pv-coupling] Bonn 1300
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TABLE II. Model parameters fixed for the pp → ppω reaction with the inclusion of nucleon
resonances. Below, “Bonn” indicates that the same value in the Bonn NN potential B (Table
A.1) [41] is used.
Vertex Coupling constant Cut-off (MeV)
Nucleonic current: [fωNN = κωgωNN ]
ωNN [ω production] gωNN = 9.0 ΛN = 1100 [See Eq. (11).]
[κω = −0.5]
MNN [M = π, η, ρ, ω, σ, a0(= δ)] Bonn Bonn
Mesonic current:
ωρπ [ω production] gωρpi = 10.0 Λρ = 850,Λpi = 1450 [See Eq. (23).]
ρNN Bonn Bonn
πNN [pv-coupling] Bonn 900
Spin 1/2 resonance current: gMNN , gMNN∗
1
mN∗+mN
(gρ,ωNN∗ , κρ,ωgρ,ωNN∗) [See Eqs. (18d) and (18e).]
S11(1535),Γ = 150 MeV
MNN [M = π, η, ρ, ω] Bonn, but gωNN = 9.0 Bonn, but ΛpiNN = 900
[πNN (pv-coupling)]
πNS11(1535) 1.25 900
ηNS11(1535) 2.02 Bonn
ρNS11(1535) (0.0, -4.50) [fm] Bonn
ωNS11(1535) (-1.04, 3.82) [fm] Bonn
P11(1710),Γ = 100 MeV
MNN [M = σ, π, η, ρ, ω] Bonn, but gωNN = 9.0 Bonn, but ΛpiNN = 900
[πNN (pv-coupling)]
σNP11(1710) -4.30 Bonn
πNP11(1710) 1.20 900
ηNP11(1710) 4.43 Bonn
ρNP11(1710) (0.0, 6.70) [fm] Bonn
ωNP11(1710) (0.0, -1.19) [fm] Bonn
Spin 3/2 resonance current: gMNN , g
(1)
MNN∗
[g
(1)
ρ,ωNN∗/g
(2)
ρ,ωNN∗ = −2.1] [See Eqs. (22c) and (22d).]
D13(1700),Γ = 100 MeV
MNN [M = π, ρ, ω] Bonn, but gωNN = 9.0 Bonn, but ΛpiNN = 900
[πNN (pv-coupling)]
πND13(1700) 0.44 900
ρND13(1700) 1.68 Bonn
ωND13(1700) 3.02 Bonn
P13(1720),Γ = 150 MeV
MNN [M = π, ρ, ω] Bonn, but gωNN = 9.0 Bonn, but ΛpiNN = 900
[πNN (pv-coupling)]
πNP13(1720) 0.17 900
ρNP13(1720) -3.73 Bonn
ωNP13(1720) 3.94 Bonn
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TABLE III. Model parameters for the pp→ ppφ reaction, for four possible sets by the φ angular
distribution, denoted by (a), (b), (c) and (d). Below, “Bonn” indicates that the same value in the
Bonn NN potential B (Table A.1) [41] is used.
Vertex Coupling constant Cut-off (MeV)
Nucleonic current: [fφNN = κφgφNN ]
φNN [φ production] (a) gφNN = 0.0 [κφ ≡ 0] ΛN = 1190 [See Eq. (11).]
(b) gφNN = −0.4 [κφ = −0.5] ΛN = 1190
(c) gφNN = −0.4 [κφ = −4.0] ΛN = 1190
(d) gφNN = −2.0 [κφ = −2.0] ΛN = 1190
MNN [M = π, η, ρ, ω, σ, a0(= δ)] Bonn Bonn
Mesonic current: Λφ ≡ Λρ = Λpi
(a) φρπ [φ production] gφρpi = −1.64 Λφ = 1930 [See Eq. (24).]
(b) φρπ [φ production] gφρpi = −1.64 Λφ = 2100
(c) φρπ [φ production] gφρpi = −1.64 Λφ = 1915
(d) φρπ [φ production] gφρpi = −1.64 Λφ = 2200
ρNN Bonn Bonn
πNN [pv-coupling] Bonn 1300
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MNM
FSI
1 21 2
ISI
1 2
ISI
1 2
FSI
(1<--->2)
TMN
TMN TMN
T
FIG. 1. Decomposition of the reaction amplitude for the NN → NNV (V = ω, φ) reaction in
the present work. TMN denotes the meson-nucleon T -matrix. ISI and FSI stand for the initial and
final state NN interactions, respectively.
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piV
ρ
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V
xxxxxxxxx
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J µ
V
21
(1     2)
1 2
V
xxxxxxxxx
M
M
a) b)
FIG. 2. Vector meson (ω or φ) production currents, Jµ, included in the present study: a)
nucleonic and resonance currents, b) mesonic current. V = ω or φ and M = π, η, ρ, ω, σ, a0(= δ).
In the intermediate states of diagram a), negative-energy propagations for nucleon and resonances
are included.
26
−1 −0.5 0 0.5
cos(θ)
0
2
4
6
0
2
4
6
dσ
/d
Ω
 [µ
b/
sr
]
0
2
4
6
0
2
4
6
8
−1 −0.5 0 0.5 1
cos(θ)
κω=−3.0 κω=−2.5
κω=−2.0 κω=−1.5
κω=−1.0 κω=−0.5
κω=0.0 κω=+0.5
ΛΝ=1230 MeV ΛΝ=1160 MeV
ΛΝ=1060 MeV ΛΝ=1120 MeV
ΛΝ=1190 MeV ΛΝ=1260 MeV
ΛΝ=1320 MeV ΛΝ=1300 MeV
FIG. 3. κω dependence of the ω angular distribution at excess energy Q = 173 MeV, without
the inclusion of nucleon resonances. The (dashed, dot-dashed, solid) lines show the (mesonic,
nucleonic, total) contributions, respectively. The dots denote data from COSY-TOF [38]. The
cut-off parameter ΛN in the form factor at the ω production vertex ωNN is fitted to the total
cross section of 30.8µb at excess energy Q = 173 MeV [38] for each panel.
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FIG. 4. gωNN dependence of the ω angular distribution at excess energy Q = 173 MeV. The
left panel is one of the reasonable fits achieved with gωNN = 9.0, while the right panel is the result
obtained with the value gωNN = 17.37, which is approximately the value used in the Bonn NN
potential model [41]. Both calculations use the value, κω = −2.0. Also, see the caption of Fig. 3.
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FIG. 5. Energy dependence of the total cross section for the pp → ppω reaction without the
inclusion of resonances. “ISI”, “FSI” and “width” stand for the pp initial state interaction, pp
final state interaction, and effects of the ω width, respectively. The result with “ISI+FSI+width”
(the bottom-right panel) should be compared with the data, where those panels without any of
the legends, “ISI”,“FSI” and “width”, imply that the corresponding effect is switched off from the
full calculation (the bottom-right panel). Data are from SATURNE [37] (dots), COSY-TOF [38]
(diamonds), Ref. [36] (circles) and DISTO [9] (a filled square), respectively. “Hibou et al.” (the
bottom-right panel) stands for the result used in the analysis in Ref. [37]. In the bottom-left panel
indicated by “Phase space + FSI”, the calculated energy dependences are normalized to the total
cross section data from COSY-TOF [38] at either Q = 92 or 173 MeV, where “(ǫ∗ ·J) = constant”
is used in Eq. (1), and thus, effects of the FSI generated by the Bonn NN potential model [41]
enter.
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FIG. 6. Energy dependence of the total cross section for the π− + p → ωn reaction obtained
with the preferred model parameter set. Data are from Ref. [53]. Note that at an excess energy of
Q = 173 MeV in the pp→ ppω reaction, the maximum center-of-mass energy W for this reaction
reaches ≃ 1.9 GeV.
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FIG. 7. Calculated ω angular distribution for the pp→ ppω reaction at excess energy Q = 173
MeV. The cut-off parameter ΛN in the ωNN form factor, FN (p
2) = Λ4N/[Λ
4
N + (p
2 − m2N )]
[Eq. (11)], is adjusted to the π−p → ωn reaction ΛN = 1100 MeV (Fig. 6), and the cou-
pling constant gσNP11 is fitted to reproduce the total cross section of 30.8µb at Q = 173 MeV.
The cut-off parameters and nρ indicated in each panel enter at the ωρπ vertex form factor:
Fpiρω(q
2
pi, q
2
ρ) ≡ Fρ(q2pi)×Fpi(q2ρ) =
[
Λ2ρ/(Λ
2
ρ − q2ρ)
]nρ×[(Λ2pi −m2pi)/(Λ2pi − q2pi)] [Eq. (23)], with nρ = 2,
Λρ = 850 MeV and Λpi = 1450 MeV, respectively. Also, see the caption of Fig. 3.
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FIG. 8. Calculated energy dependence of the total cross section for the pp → ppω reaction
with the inclusion of nucleon resonances, S11(1535), P11(1710),D13(1700) and P13(1720). Also, see
the caption of Fig. 5.
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FIG. 9. Decomposition of resonance contributions for the energy dependence of the pp→ ppω
total cross section. Also, see the caption of Fig. 5.
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FIG. 10. κφ dependence of the φ angular distribution at Q = 83 MeV. The (dashed, dot-dashed,
solid) lines show the (mesonic, nucleonic, total) contributions, respectively. The φNN coupling
constant and the cut off parameter ΛN associated with the φNN meson production vertex are
fixed at gφNN = −0.4 and ΛN = 1190 MeV, and the cut-off parameter Λφ ≡ Λρ = Λpi in the φρπ
meson production vertex is fitted to reproduce the total cross section of 190nb at Q = 83 MeV.
The dots are the data from DISTO [9](a).
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